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Abstract: This study presents the research and development possibilities of an expander for com-
pressed air energy storage systems (CAES). The computer simulations made by the authors aim to
find the optimal working parameters of the piston engine. The criteria for evaluating engine operation
and the objects of analysis are the compressed air engine system’s efficiency and the electrical power
output. Sensitivity analysis was performed on well-suited system parameters and geometrical sizes
of the energy utilisation element. Appropriate selection achieves not only higher efficiency but also
allows the system to be scaled to the end-user’s needs.

Keywords: compressed air energy storage; piston expander; compressed air system; mechanical
storage system

1. Introduction

Energy storage is essential for proper operation of a power system. The irregularity of
energy production from renewable energy sources requires using systems that can cope
with fluctuations [1]. Among the many energy storage systems, pumped hydro-storage
(PHS), Li-ion batteries, and compressed air energy storage (CAES) seem to be the most
promising. Each system has its own advantages and disadvantages. A pumped storage
power plant requires huge investments and cannot be built on a small scale. On the other
hand, Li-ion batteries struggle with material and environmental issues, as well as battery
damage during full discharge and low power range [2,3]. CAES is a technology that allows
you to build storage on any scale [4–6]. The durability, long discharge time and scalability
are advantages of CAES over other energy storage methods [4–6]. CAES projects have
been implemented in China, USA, Germany and Canada [3,7,8]. The challenge facing
today’s engineers and scientists is to achieve total CAES efficiency. Depending on the
technology and the scale of theoretical values, the efficiency ranges between 30% and
70%. Experimental studies on CAES systems are scarce in the literature. Efficiencies
obtained during experimental tests usually oscillate around 45% [4,9]. An interesting and
promising solution is the adiabatic energy storage of compressed air (ACAES), in which
the heat generated during air compression is recovered by a heat exchanger and stored.
Heat is used during the energy utilisation process, i.e., air expansion. Barbour et al. [10]
presented development opportunities and challenges faced by scientists and constructors.
In their article, they pointed out that one of the critical aspects of CAES development is
continuous research at the university level and extending access to the results of currently
operating projects.

In the literature, CAES consists of four elements (storage tank, compressor, utilisation
element, generator), each of which are being examined. There are descriptions of constant-
pressure tanks [11] and constant-volume tanks [12]. The authors [13] presented a tank

Energies 2023, 16, 2310. https://doi.org/10.3390/en16052310 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16052310
https://doi.org/10.3390/en16052310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7512-994X
https://orcid.org/0000-0002-4332-0771
https://doi.org/10.3390/en16052310
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16052310?type=check_update&version=1


Energies 2023, 16, 2310 2 of 10

system that maintains constant pressure due to the water system. When air from the
tank is used, water is supplied to the interior to reduce the volume occupied by the air
and thus maintain a constant pressure. It is known that using the hydrostatic pressure
of the water column is also a method to maintain constant pressure [14]. The paper [14]
shows the concept of an isobaric storage device in which energy savings are equal to
18% compared to an isochoric storage system. With the use of the presented moving
piston prototype, the stable pressure was kept within 2.14%. Budt et al. [15] submitted
a review showing the possibilities of storing energy in compressed air. They noted that
there are still no well-developed machines that would allow CAES to operate properly and
efficiently. Continuous development and exploration may benefit CAES technology due to
its economic aspects and the possibility of using geological conditions such as mine shafts
or salt shafts as storage space. However, the authors [15], did not present the option of
using reciprocating piston machines as an element of energy utilisation, which can also be
economically cheap and, with further development, highly effective. Although most articles
on CAES systems are based on the use of a turbine as an expander [4,13,16], it should be
noted that in the case of low-volume flows and low pressure, a positive reciprocating
engine seems to be a better solution. Optimal adjustment of the expander to the value of
desired power, supply pressure, or the size of the storage scale is necessary to obtain the
best system operation results [17].

In the literature or as a subject of scientific research, piston expanders are rarely
considered utilisation elements for CAES systems. This article presents an analysis of
the geometrical parameters and their impact on the performance/characteristics of the
compressed air expander. The presented results will show the expander’s power and
efficiency possibilities, depending on the individual element size selection.

2. Materials and Methods
2.1. Mathematical Model

The mathematical model of expander (shown in Figure 1) performance is described
by ordinary differential equations, including the mass balance equation in the actuator’s
chamber and air tank, the dynamic equation for the rectilinear motion of the piston and
angular motion of the generator shaft, and Kirchoff’s law of electrical circuits.
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Model equations are shown below:

dm1
dt =

.
m1

dm2
dt =

.
m2

dmtank
dt = − .

mtotal

m d2y
dt2 = Fdrive + Fv + Fg + Fe
dω
dt · J = TD − TF − TG

Lg
dI
dt = NpbωΨ −

(
RLOAD + Rg

)
I

(1)
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where the mass of moist air in the storage tank is mtank, the mass of moist air under a
piston is m1, the mass of moist air over a piston is m2 , the summary of mass flow exiting
a tank is

.
mtotal , the mass flow entering or exiting under a piston is

.
m2, the mass flow

entering or exiting over a piston is
.

m1, the mass of the mechanical elements is m, the piston
position is y, time is t, the driving/braking force under a piston is Fdrive, friction force is
Fv, gravitational force is Fg electromagnetic force is Fe, rotary speed is ω, the moment of
inertia is J, driving torque is TD, friction torque is TF, generator breaking torque is TG,
stator winding resistance is Rg, number of poles is Npb, magnetic flux in the air gap is Ψ,
stator winding inductance is Lg, load resistance is RLOAD, voltage is U, current is I.

Driving torque is calculated as follows:

TD = r · Fdrive sin(α)

(( r
l

)2
sin2(α) +

r
l

cos(α)

√
1 −

( r
l

)2
sin2(α)− 1

)
(2)

where angular position of the crank is α, crank length is r, crank arm length is l.
Friction torque has been divided into two parts—load dependent and load indepen-

dent to increase the correctness of the calculations:

TF = T0 − T1 (3)

Load-independent part:
T1 = f1 · Pz · dw (4)

Load-dependent part

T0 = f0(ν · ω)
2
3 · dw · 10−7 (5)

where the factor depending on the type and size of the bearing and the acceptable static
load factor is f1, equivalent load is Pz, bearing pitch diameter is dw, factor depending on
the type and size of the bearing and the type of lubrication is f0, and the kinematic viscosity
of oil is ν.

Generator breaking torque:

TG =
3
2
· I · Ψ · Npb (6)

The angular speed of the shaft:

ω(t) =
dα

dt
(7)

The mass flow is calculated by formulas presented by Leszczyński and Gryboś [18]:

.

.
m =


A

√
2κ

κ−1 · ρp1

((
p2
p1

) 2
κ −

(
p2
p1

) κ+1
κ

)
dla p2

p1
> β

0 dla p1 < p2

A

√
κρp1

( 2
κ+1
) κ+1

κ−1 dla p2
p1

≤ β

(8)

where cross-section is A, the adiabatic exponent for air density is ρ, pressure p1, p2, critical
pressure ratio is β.

The Critical pressure ratio:

β = ζ

(
2

κ + 1

) κ
κ−1

(9)

where the numerical factor is ζ.
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ζ takes values from 0 to 1 depending on whether sections of transition connecting the
cross-sections have sharp or smooth edges. As noted in [18], this significantly affects the
value of β.

The power output is calculated as a result of the current obtained from the differential equations:

Pgenerated = UI = I2RLOAD (10)

The pneumatic work of compressed air used to power the expander can be calculated
as air power [19]:

Pair = pa
.

Va ln
pa

pb
(11)

where storage pressure is pa, volumetric flow is
.

Va, the pressure after the expansion process
is pb.

To calculate efficiency, the output power of the expander was compared to the calculated
power of the compressed air used by the expander during work. Air-to-electricity efficiency:

η =
Pgenerated

Pair
(12)

2.2. Solution Procedure

To examine the performance of the expander, a mathematical model was implemented in
MATLAB software in which all processes occurring in the entire system were recorded. A series
of computer simulations were performed to find the appropriate and most effective solution.

The solution procedure is presented below in Figure 2:
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The initial arguments are primarily the expander system parameter, the supply pres-
sure and the coefficients needed for calculations.

In the next step, the initial geometric quantities are calculated, e.g., the surface area of
the given elements and the initial conditions, such as pressure or air mass in the tank.

Since the calculation-solving method requires high accuracy, the method presented
in [20] was used. The type of calculation method has been selected with particular attention
to minimise errors and maximise convergence in simulation results.

3. Results
3.1. Research Motivation

To analyse the compressed air expander, tests and computer simulations were per-
formed in order to find the optimal solution. It was decided to investigate the influence
of the selection of geometrical sizes of actuators on the efficiency, called air-to-electric
efficiency by the author.

3.2. Validation

In order to confirm the correctness of the computer model, the simulation results were
validated. Experimental results of single-actuator expander performance were compared.
The laboratory-scale system consisted of a 200-L compressed air tank, an expander drive
with a 200 mm diameter and a 200 mm stroke cylinder. The expander is connected via
a mechanical gear with a permanent magnet synchronous generator. Figure 3 shows a
comparison of the output power generated. Simulation results are shown on the graph as
squares, and experimental results as circles.
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Figure 3. Comparison of power output—experimental data and computational results.

The average power obtained from computer calculations was 493 W, and from the
experimental results, 462 W. The percentage difference was only 6%. The validation showed
the convergence and correctness of the model with the experimental results.

3.3. Computer Simulations

Figure 4 shows the performance of the three-cylinder expander, whose geometrical
parameters are presented in Table 1. The rotational speed is controlled by a variable load
resistance which takes values from 1 to 9 Ohm. The expander was working with a supply
pressure of 7 bar.
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Table 1. Initial parameters of simulated CAS.

Parameter Value Unit

Cylinder Stroke 0.2 m

Cylinder diameter 0.1 m

Crank length 0.1 m

Crank arm length 0.42 m

Supply pressure 7 bar

Inlet ports size 0.5 inch

Temperature of stored air 293 K

RLOAD From 1 to 9 Ohm

Rg 0.13 Ohm

Npb 6 -

Lg 0.26 mH

Ψ 0.08 Wb

As shown in the figure, the simulations allowed us to find the optimal operating
point. Depending on whether the system would ultimately work at maximum power or the
highest possible efficiency, we can select the proper operating point for the desired effects.
The highest efficiency of the tested three-cylinder engine was 26%, with a simultaneous
generated power of 5.4 kW. To increase efficiency and improve engine operation, it was
decided to perform simulations to select the appropriate connector sizes (Figure 5) and
then the cylinder stroke size (Figure 6).
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By choosing the right size of the cylinder inlet ports, the efficiency of the device
increases by more than 5% and the output power also increases significantly.

The efficiency, power and rotational speed values increase with the size of the inlet
connections. Starting from 0.25 inch in diameter up to 1 inch, we can notice a dynamic
increase in the generated power. Using larger connectors up to 3 inches, we do not obtain
such changes in power or efficiency values; moreover, it can be accompanied by much
greater air consumption. The best solution seems to be a 1 inch connection. Therefore,
optimisation simulations have been conducted for these proper values of inlet connectors.

The choice of the actuator stroke length does not increase the system’s efficiency. Still,
we can obtain much higher output power with a relatively high-efficiency value and the
same supply pressure. A greater stroke volume results in a larger volumetric flow of
compressed air during the operation of the expander and, thus, larger air consumption. In
order to obtain higher efficiency values with a larger actuator stroke, it would be necessary
to find the appropriate operating point of the expander for each stroke value.

Since an efficiency of barely more than 30% does not seem to prove the usefulness of a
compressed air expander, the authors decided to use the method of air injection to reduce



Energies 2023, 16, 2310 8 of 10

the air supply consumption consisting in the right disconnection of the power supply at
the right moment of the piston’s movement. The results of this solution are shown in the
Figure 7.
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The figure illustrates how the efficiency and output power curves are arranged. Since
these are two different forms of energy, their relationship is not linear. The power produced
by a rotating electric machine is quadratic, while the energy of air is not. Optimum
efficiency and power can only be obtained if the entire expander system operates at the
optimal operating point.

The study confirmed the authors’ hypothesis, which assumed that the proper selection
of geometric parameters can manipulate the power and efficiency obtained by the device.
Table 2 shows a comparison of the different expander types.

Table 2. Comparison of different expander prototypes.

Expander Efficiency [%]

One Cylinder engine 19

Three-cylinders engine 32

Three-cylinder engine with air injection system 48

4. Conclusions

The study carried out confirmed the authors’ hypothesis, which assumed that the
proper selection of geometric parameters can influence the obtained values of power
received and device efficiency. The simulations made by the authors of the work show
that we can achieve higher efficiency values by analysing individual engine components.
Further research may result in even higher performance of the utilisation element and thus
also higher efficiency of the entire system. Only some parameters were selected during a
series of simulations. For each value of the supply pressure, target power and storage scale,
a similar selection of the parameters of each element should be made to avoid rescaling,
losses, and thus lower efficiency.

Using a unique compressed air injection system for the supply pressure resulted in an
efficiency of more than 48%, which can be increased by selecting the appropriate parameters
for this solution later. Sensitivity analysis and air injection systems significantly increase
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device efficiency. By using the injection system, we increase the effect of air expansion on
power output, so the next development step seems to be to preheat the air in front of the
expander to achieve higher efficiency. The compressed air piston engine as an element of
the CAES system appears to be a good solution; however, it is still in the early stages of
development. Due to their low efficiency, they are omitted and replaced with turbines. In
our work, we want to draw attention to the possibilities of a compressed air reciprocating
drive and how its efficiency can be increased to compete with the turbine. The work draws
attention to the possible directions of development and the need to direct the attention of
researchers to reciprocating expanders. A sensitivity analysis of the piston expander is
the first possible optimisation step that increases efficiency. The selection of parameters
is, therefore, a process that should not be omitted in any case; on the contrary, it should
be given a high degree of attention. The simulations carried out show the importance
of selecting the optimal parameters at the stage of construction and design of the piston
expander system. The novelty of the work is to demonstrate the possibilities of using
one-stroke piston expanders in CAES installation, its parameter design and control by
cutting off the air supply to reduce compressed air consumption. This motivates further
research, not only related to mathematical calculations and computer simulations, but also
experimental research. As the literature review showed, efficiency improvement should
also be sought in combined solutions, e.g., CAES with TES, PH-CAES (pumped hydro
compressed air storage) or CAES with a system of isobaric tanks.
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